MYOCARDIAL ENERGY production is predominantly determined by aerobic metabolism. ATP synthesis from glycolysis during anoxia is insufficient to maintain cardiac work at its normoxic level, even though glycolytic flux is increased significantly. 1 " 3 Therefore, the delivery of oxygen to the myocardial cells is crucial for normal function. The heart has a rich network of capillaries which provide adequate blood supply under the normal range of work loads so that oxygen delivery does not limit oxygen consumption. 4 However, when either the arterial Po 2 or the blood flow is lowered below critical levels, oxygen delivery can diminish until it limits aerobic ATP synthesis. The nature of the oxygen gradients in the hypoxic myocardium under these conditions is not well understood.
Several theoretical treatments of this issue have been previously presented. 5 Initially, oxygen was assumed to be supplied to the tissue based on diffusion according to Fick's law. More recently, the importance of myoglobinfacilitated oxygen transport has been recognized." The two principal theoretical models of oxygen delivery are Krogh's cylinder model, which assumes that the venous Po 2 limits oxygen diffusion from the capillary, and Diemer's cone model, which recognizes that capillary Po 2 varies from the arterial to the venous end but requires that blood flow in adjacent capillaries be in opposite directions. Both models predict that, in the hypoxic myocardium, the anoxic zones should be confined to the tissue at the greatest distance from a capillary. More complex mathematical models based on a single capillary and its surrounding tissue have been devised, but they also predict that oxygen supply will first become limiting in the '"lethal" corners." According to these models, the size of the anoxic areas may increase as the arterial P02 is decreased, but the tissue immediately adjacent to a capillary should remain well oxygenated and the tissue Po 2 should decline as the distance from a capillary increases. Grunewald 8 has attempted to determine the effect of inhomogeneity in the coronary circulation, but. in the absence of experimental data, he could onlv conclude that the tissue Po 2 distribu-tion would depend on the nature of the inhomogeneity. Since myocardial capillary density is relatively uniform, 9 anoxic areas should be small, evenly distributed, and similar in size.
Direct measurements of cytochrome aa 3 oxidation-reduction state and myoglobin oxygenation in the perfused rat heart suggest that there are very steep oxygen gradients in the tissue. A significant decrease in myoglobin oxygenation without a concomitant reduction of cytochrome aa 3 could not be detected, despite two orders of magnitude difference in their oxygen affinities. 10 In these experiments, coronary flow was maintained and hypoxia was induced by decreasing the arterial Po 2 . Under these conditions, coronary perfusion should have been adequate to maintain normal capillary flow. Therefore, it might be expected that anoxic zones would be confined to the "lethal" corners, as predicted by the theoretical models.
Further information concerning the nature of oxygen gradients in the hypoxic myocardium can be obtained by measuring NADH fluorescence from the surface of perfused rat hearts. Fluorescence emission (480-nm peak) from 366-nm excitation light can be used to detect changes in tissue content of reduced pyridine nucleotides," and mitochondrial NADH accounts for greater than 50% of the fluorescence. 12 In the perfused rat heart, NADH assays confirm that increased fluorescence correlates with increased NADH levels, so that pyridine nucleotide fluorescence can effectively distinguish between aerobic and anaerobic tissue. 13 -' 4 Furthermore, it has been shown that by taking NADH fluorescence photographs of the surface of the heart, the pattern of anoxic zones can be visualized. 15 Thus, white areas of high pyridine nucleotide fluorescence can readily be distinguished from the darker background when a major artery is tied off or when the perfusion pressure is decreased. 15 In these preliminary experiments, there were relatively large areas of anoxic tissue intermixed with areas that were apparently normoxic, and there appeared to be sharp borders between the anoxic and normoxic zones. Preliminary results from this laboratory have indicated that a heterogeneous pattern of anoxic zones also occurred in graded ischemia induced by placing a one-way check valve in the aortic outflow tract 1 " and in acidosis-induced ischemia 17 in the perfused rat heart. In both instances, there appeared to be a sharp demarcation between the aerobic and anaerobic areas, concurring with the earlier results that the oxygen gradients appear to be very steep.
For this paper, further experiments were performed with improved photographic technique to elucidate the mechanisms responsible for the development of the heterogeneous pattern of anoxic zones. Hypoxia was produced by decreasing the arterial P02 while maintaining the perfusion pressure (high flow hypoxia), by decreasing the coronary perfusion pressure (low flow hypoxia or ischemia), and by increasing the Po 2 (acidosis-induced ischemia). The photography was coordinated with recordings of physiological parameters in order to define the functional and metabolic state of the heart. The fluorescence pattern was similar in high flow hypoxia and in ischemia but qualitatively different in acidosis-induced ischemia. None of the patterns was consistent with the theoretical models of oxygen delivery since the anoxic zones were much larger than the intercapillary distances.
Methods

HEART PERFUSION
Hearts were perfused by a modification of the procedure described by Neely et al. 18 Hearts from 300 to 400-g male Sprague-Dawley rats were rapidly excised following decapitation, and the aorta was quickly cannulated. Perfusion was commenced from a reservoir placed 80 cm above the heart while the pulmonary artery and left atrium were cannulated. A standard working heart preparation was used with left atrial filling provided from a reservoir placed 12 cm above the left atrium and with the left ventricle pumping against the resistance of 80 cm of water. A 3-ml air space was located immediately above the aortic cannula to provide elasticity. The coronary flow was determined by the diastolic aortic pressure of approximately 80 cm of water. Hearts were paced at 300 beats/min using atrial leads.
Left ventricular pressure was measured by inserting a 23-gauge needle through the left ventricular wall and connecting it to a Statham P23b pressure transducer. A Statham P23d pressure transducer was connected to the aortic cannula to measure aortic pressure. Effluent pH and O 2 tension were monitored from the outflow of the cannulated pulmonary artery without exposing the buffer to air. Oxygen tension was measured with a Yellow Springs oxygen electrode fitted into a Plexiglas flow-through cell. Buffer was pumped through the O 2 electrode chamber and the pH electrode chamber at a constant rate to avoid flow artifacts. An extracorporeal electromagnetic flowmeter was placed in the pulmonary artery outflow tract to monitor coronary flow.
This standard working heart apparatus was modified in several experiments to produce ischemia. The apparatus was similar in principle to that of Neely et al., 19 but a commercial (Fluorocarbon Co.) one-way check valve was used in place of the ball valve recommended by the above authors. As with the ball valve, this had the effect of decreasing the diastolic aortic pressure and therefore the coronary flow. The check valve was placed between the aortic cannula and the upper reservoir. The spring in the check valve was designed to offer as little resistance as possible so that the left ventricle was essentially working against the same resistance as in the standard working heart apparatus. A bypass around the check valve, consisting of a second one-way check valve with the opposite orientation, was used for the initial perfusion to provide adequate coronary flow. Left ventricular pressure, aortic pressure, effluent pH and O 2 tension, and coronary flow were measured as described above. In addition, a second flowmeter was placed between the check valves and the aortic reservoir to monitor cardiac output minus coronary flow. Hearts were paced at 300-400 beats/min using atrial leads.
Krebs-Henseleit buffer containing 5 ITIM glucose and insulin (1 x 10~2 units/ml) was used in all experiments. The buffer was equilibrated with 95% O 2 and 5% CO 2 at 37°C for the control and ischemia conditions. To produce graded high flow hypoxia, nitrogen was used to replace VOL. 41, No. 5, NOVEMBER 1977 oxygen, keeping the Pco 2 constant. For respiratory acidosis, the pH of the arterial perfusion fluid was decreased by increasing the proportion of CO 2 to O 2 in the equilibrating gas mixture.
FLUORESCENCE PHOTOGRAPHS
Photographs of N ADH fluorescence from the surface of the hearts were obtained by a technique initially described by Barlow and Chance. 15 Excitation light was provided by two xenon flash tubes (Heckback and Rodeman; catalogue no. TM 20K 400) with quartz envelopes for maximum transmission of the ultraviolet spectrum. The tubes were routinely flashed at 50 J each and had a measured duration at 1/3 peak of 1.0 msec. Elliptical reflectors (Melles Griot; catalogue no. 02REM 11) were incorporated into the design to minimize the voltage and power storage requirements. Electroplated rhodium, having an efficiency of better than 78% (0° incidence) throughout the ultraviolet and visible spectrums, was used in the front surface reflectors. Sixty percent of the light emitted at the primary focus was calculated to be reflected toward the sample. The configuration of the xenon arc was helical, yielding a spiral excitation pattern when focused by the elliptical reflectors. Proper orientation of the two flash patterns resulted in nearly uniform illumination of a circle with a radius of about 1 inch. The efficiency of the illumination was calculated to be increased 185 times by the reflectors.
The voltage was limited to 475 V by the use of electrolytic capacitors, which was well below the rated maximum of the flash tubes. The repetition rate of the flash unit at 450 V was approximately one flash per minute. Consistent excitation was achieved by triggering the flash as the voltage across the capacitors reached a predetermined value.
Corning CS7-60 colored glass filters (transmission 330-380 nm) were mounted directly over the front of the reflectors. The secondary filter, a Wratten 2A (transmission 410-3000 nm), was placed in front of the camera lens to eliminate reflected excitation light.
Photographs were taken with a Hasselblad 500 C/M camera, with a 100 mm Planar F/3.5 lens, using Kodak Royal-X Pan film. The magnification factor was 1.1. A grey fluorescence scale was included in each photograph to ensure that no artifacts were introduced during processing of the film. Hearts were positioned so that the photographs primarily represent NADH fluorescence from the left ventricle. Depth of penetration of the excitation light was estimated to be 100-200 fj.m. In all of the fluorescence photographs presented in this paper, the flash was synchronized to occur during diastole. In some preliminary experiments, the flash occurred at random times during the cardiac cycle. There was no apparent difference between systole and diastole. This is consistent with the previous observation that changes in myoglobin oxygenation or cytochrome oxidation could not be observed during the cardiac cycle in warm-blooded hearts, 20 presumably because of their relatively fast heart rates.
The control photographs were relatively homogeneous, but there were generally a few small areas of high fluorescence. The significance of these areas is unknown but they may represent clots in the microcirculation resulting from the isolation process. They were present in both the initial and recovery control photographs, and do not appear to affect the response of the myocardium to hypoxia.
Results
HIGH FLOW HYPOXIA
The effect of high flow hypoxia on myocardial function is shown in Figure 1 . The arterial Po 2 was progressively lowered and fluorescence photographs ( Fig. 2) were taken at the times indicated (A-F). The photographs show primarily the left ventricle, but a small portion of the right ventricle is visible at the base of the pulmonary artery and along the left border of the heart. The left atrial appendage can also be seen in the upper right of each photograph. During control conditions, the arterial P02 was 720 mm Hg, the arterial oxygen content was 1.8 /xatoms/ml, the effluent oxygen content was 0.4 /^atom/ml, and the coronary flow was 11 ml/min. Thus the oxygen consumption
The effect of lowering the arterial oxygen content on myocardial performance. Points A and F represent control conditions. The arterial Po, was 720 mm Hg at point A, 430 at B, 360 at C, 290 at D, 70 at E, and 720 at F. The coronary flow was 11 mllmin at A, 15 mllmin at B, 15 mllmin at C, 13 mil min at D, 13 mllmin at E, and 11 mllmin at F. LVP = left ventricular pressure; dpldt = first derivative of the left ventricular pressure. FIGURE 2 NADH fluorescence photographs during high flow hypoxia. This is the same experiment as Figure 1 , and the photographs were taken at the points indicated in Figure 1 . Photograph F was taken after recovery. was 15.4 /latoms/min. The fluorescence photograph taken of the control heart ( Fig. 2A) shows a relatively homogeneous tissue. As the arterial Po 2 was progressively lowered, there was no significant change in pressure development or oxygen consumption until the arterial oxygen content was reduced below about 1 /^.atom/ml, which occurred at a Po 2 of 400 mm Hg. Under these conditions, oxygen delivery was sufficient to maintain cardiac work at approximately its control level because the coronary flow increased by over 35%. Photograph B was taken just before oxygen delivery became inadequate. The arterial oxygen content was 1.1 /^atoms/ml, the effluent oxygen content was 0.1 /xatom/ml, and the coronary flow was 15 ml/min. The oxygen consumption was, therefore, 15.0 /iatoms/min. There were already a few small anoxic areas, but autoregulation of the coronary vasculature had optimized oxygen delivery such that 90% of the available oxygen was being utilized and oxygen consumption was maintained at 97% of its control level.
When the arterial Po 2 was reduced below 400 mm Hg, pressure development declined and areas of high NADH fluorescence began to appear. At point C, left ventricular pressure was depressed about 15% and oxygen consumption about 18% from the control values. The fluorescence photograph demonstrates that there were distinct zones of anoxia surrounded by apparently normoxic tissue. The fluorescence intensity of the normoxic tissue is the same as that in the control photograph (A), indicating that an area of tissue is either completely aerobic or completely anaerobic, never partially anaerobic. The size of these anoxic zones may be influenced by scattering of the fluorescent light as it travels through the tissue, but the relative sharpness of the border suggests that the contribution of scattered light is small. Thus the width of the smallest anoxic region is on the order of several hundred microns. As the arterial P02 was reduced further, myocardial performance continued to decline. Photograph D was taken when the left ventricular pressure was about 70% of its control level and oxygen consumption was about 60%. The size and number of the anoxic zones were significantly increased, but areas of seemingly normoxic tissue can still be seen.
The right ventricle appears to be nearly uniformly aerobic, but there are also aerobic regions in the left ventricle. By photograph E, when the arterial Po 2 was about 70 mm Hg, the oxygen consumption and cardiac work were severely depressed and the myocardium was essentially anaerobic. When the arterial PO2 was reduced to zero, there was little further change in the NADH fluorescence (photograph not shown).
In the above experiments the total duration of hypoxia was about 40 minutes from the appearance of the first anoxic zones to total anoxia. At the end of this period, the arterial Po 2 was returned to 720 mm Hg. There was a gradual return of myocardial function accompanied by several periods of irregular beating which was frequently observed during the recovery period in experiments of this sort. Photograph F, taken after the recovery was complete and the physiological parameters had returned to their control values, demonstrates that the anoxic zones have disappeared and the tissue was again homogeneously aerobic.
RESPIRATORY ACIDOSIS
In a corresponding experiment with the same heart, the effect of respiratory acidosis on myocardial function and oxygen delivery was examined. Physiological parameters are shown in Figure 3 and photographs of pyridine nucleotide fluorescence are shown in Figure 4 . The decline in pH was paralleled by the fall in left ventricular pressure. As pressure development decreased, oxygen consumption also decreased so that, even though the arterial oxygen content was reduced as the Pco 2 was increased, there was no significant fall in effluent oxygen tension. A control photograph (A) is presented for comparison. As the arterial perfusion fluid became more acidic, the fluorescence photograph (B) showed that the myocardium was homogeneously darker, indicating a net tissue oxidation of pyridine nucleotides. Analytical assays confirm that tissue NADH content decreases during nonischemic respiratory acidosis (data not shown). However, once the effluent pH fell below 6.8, the coronary flow began to decline even though the perfusion pressure remained unchanged, and photograph C shows the presence of anoxic areas. The effluent oxygen tension was 230 mm Hg, suggesting that oxygen delivery should have been adequate. As the pH was decreased further to 6.6 (D) and 6.55 (E), the anoxic areas grew much larger. However, when the Pco 2 was lowered to its control value of 40 mm Hg, myocardial performance returned to its control level, and the anoxic zones disappeared as shown in photograph F. A comparison of Figures 2 and 4 demonstrates that in the same heart, the anoxic regions in high flow hypoxia form an entirely different pattern from those seen in respiratory acidosis below pH 6.8. Acidosis-induced ischemia is characterized by relatively large areas of high fluorescence as opposed to the mottled appearance of high flow hypoxia.
It is apparent from these results that changes in the coronary circulation are important for the development of the anoxic zones. However, in the previous experiments, coronary flow was a function of several variables, including cardiac output and left ventricular pressure. The 80-cm aortic pressure head maintained a constant coronary perfusion pressure only when the cardiac output was negligible, and therefore changes in coronary resistance cannot be determined unambiguously from changes in coronary flow. In order to quantitate changes in coronary vascular resistance, hearts were perfused as in the previous experiment except that atrial filling was not provided and coronary flow was supplied at a constant rate from a peristaltic pump. Figure 5 shows the response of aortic pressure to alterations in the perfusate pH and Po 2 . A fall in aortic pressure represents decreased coronary vascular resistance. Figure 5A demonstrates that, in this preparation, coronary resistance was sensitive to Po 2 until oxygen delivery was reduced to 40% of its control value. At this point, the vasculature was maximally dilated and no further changes were possible. The pH dependence of the coronary vascular resistance under aerobic conditions is shown in Figure 5B . Mild respiratory acidosis resulted in vasodilation with the maximum effect occurring at pH 6.9. The maximum decline of coronary resistance in respiratory acidosis was comparable to that observed in hypoxia. However, severe respiratory acidosis resulted in vasoconstriction such that, below pH 6.7, the perfusion pressure had to be higher than in the control conditions to maintain a constant coronary flow rate. Figure 5C demonstrates that acidosis-induced vasoconstriction was not a function of Po 2 since it also occurred under anaerobic conditions.
LOW FLOW HYPOXIA
The effect of decreased coronary flow on myocardial function and oxygen delivery was studied using a one-way check valve in the aortic outflow tract. The physiological response of the heart to closing the bypass around the oneway valve is shown in Figure 6 . Cardiac output was maintained immediately after this transition, but the coronary flow and, hence, the oxygen delivery were curtailed by 30%. The effluent pH declined from 7.3 to 7.2 as a result of decreased washout of metabolically produced acid. Fluorescence photographs of this transition are shown in Figure 7 . Photograph A was taken before the bypass was clamped. Photograph B demonstrates that about 1 minute after the coronary flow was decreased, anoxic zones had already begun to appear. In spite of the decline in coronary flow, a new mildly hypoxic steady state was achieved.
To compromise the heart further, the rate of pacing was B FIGURE 4 NADH fluorescence photographs during respiratory acidosis. The photographs were taken at the points indicated in Figure 3 . Photograph F was taken after recovery. The effect of arterial oxygen content and pH on coronary vascular resistance. Hearts were perfused using a Langendorff preparation in which the coronary flow rate was maintained at a constant rate of 14 ml/min. In part A, nitrogen replaced oxygen to produce high flow hypoxia while the pH remained unchanged. The control oxygen content was 1.8 fjuitoms/ml. In part B, the pH was changed by increasing the Pco^, and oxygen delivery was adequate to maintain aerobic metabolism. In part C, oxygen was completely replaced with nitrogen, which made the heart anaerobic, and the pH was changed by increasing the Pco 2 . Control aortic pressure was 110 cm of water.
gradually increased from 330 to 400 beats/min. As the heart rate was increased, myocardial function progressively deteriorated, indicating that it was the ratio between coronary flow and metabolic rate that was critical and not either one individually. This was indicated by the fact that the coronary flow remained unchanged until the ischemic failure became severe. Throughout the course of this gradual impairment of myocardial performance, the effluent oxygen tension remained greater than 125 mm Hg, yet anoxic zones were clearly apparent in photographs B and C. As long as there was a net cardiac output through the one-way valve, coronary flow remained stable and pressure development was not severely depressed. However, once the entire cardiac output was used for coronary perfusion, further decline in myocardial function necessitated a decrease in coronary flow. The consequent impairment of oxygen delivery and removal of acid resulted in the rapid development of ischemic failure. Effluent Po 2 and pH declined sharply during this phase, and photograph D demonstrates that anoxic regions predominated over normoxic regions. As ischemia became severe, the heart could no longer be paced and beating became irregular. The ischemic process was reversed by opening the bypass and thereby increasing the coronary perfusion pressure. Pressure development, cardiac output, coronary flow, effluent pH, and effluent P02 all returned to their control levels after a few minutes, and photograph F illustrates that there were no remaining anoxic areas. Following the recovery from ischemia, the heart was subjected to high flow hypoxia. Fluorescence photograph F demonstrates that essentially the same areas became anoxic in high flow hypoxia as in ischemia with the same heart.
STABILITY OF ANOXIC ZONES
To elucidate the mechanisms responsible for the development and maintenance of the anoxic zones, fluorescence photographs were taken during steady state conditions in high flow hypoxia, ischemia, and acidosis-induced ischemia. In all three types of tissue hypoxia, the pattern of anoxic zones did not vary over a period of 10-15 minutes. Areas that first became anoxic remained so throughout the experimental period. A typical series of fluorescence photographs of a portion of the left ventricle, taken during high flow hypoxia at a uniform arterial Po 2 , is shown in Figure 8 . Photograph A demonstrates the control aerobic state. As the arterial Po 2 was reduced from 720 to 350 mm Hg, anoxic zones developed. A careful inspection of photographs B-E, which were taken at 3minute intervals, indicates that the NADH fluorescence pattern in high flow hypoxia was stable with time. The reversibility of the anoxic regions to the fully aerobic state _ 75 h FIOURE 6 The effect of ischemia on myocardial performance. Points A and E represent control conditions. The one-way check valve in the aortic outflow tract was clamped just before point B. The pacing rate was gradually increased from 330 to 400 beatsImin between pictures B and D. Recovery occurred when a bypass around the one-way valve was opened. Point F represents high flow hypoxia in which nitrogen was substituted for oxygen to make the arterial P02 360 mm Hg. LVP = left ventricular pressure. Aortic output represents cardiac output in excess of coronary flow. VOL. 41, No. 5, NOVEMBER 1977 FIGURE 7 NADH fluorescence photographs during ischemia and high flow hypoxia. The photographs were taken at the points indicated in Figure 6 . Photograph E was taken after recovery from ischemia, and F was taken during high flow hypoxia.
CIRCULATION RESEARCH
is confirmed by photograph F which was taken shortly before full recovery. Similar results were obtained in ischemia (data not shown). These data indicate that once the anoxic zones were established, the pattern of coronary perfusion did not vary subsequently, so that individual anoxic regions could not become normoxic until oxygen delivery was increased.
The effect of coronary flow rate and perfusion pressure on the maintenance of the anoxic zones in acidosis-induced ischemia is presented in Figure 9 . Photograph A was taken under control conditions with a coronary flow of 14 ml/min. The pH was lowered to 6.65, which resulted in a decline in coronary flow to 11 ml/min and in the appearance of several anoxic areas (Fig. 9B ). The perfusion pressure was then increased until the coronary flow rate increased first to the control level of 14 ml/min ( Fig. 9C ) and then to 22 ml/min (Fig. 9D) . The anoxic zones contracted but did not entirely disappear. When the coronary flow rate was returned to its initial value of 11 ml/min at pH 6.65, the resultant NADH fluorescence pattern (Fig.  9E) was remarkably similar to that in photograph B. Following return to pH 7.4 perfusion, the anoxic zones disappeared, as shown in photograph F.
Discussion
NADH fluorescence has been shown to be an excellent indicator of tissue anoxia, 13 -14 and fluorescence photographs represent a noninvasive technique for assessing tissue oxygenation. At present, the technique is limited by the lack of quantitation. We are currently attempting to digitize the density of the negatives so that the fluorescence intensity from any area can be quantitated and compared with any other area. Histograms of oxidation reduction levels in brain during normoxia and anoxia, determined by digitization of photograph negatives, have shown that the distribution of oxidation reduction states is different under these two conditions. 21 Because the presence of hemoglobin would complicate the interpretation of pyridine nucleotide fluorescence changes, 22 these studies were performed on isolated, hemoglobin-free perfused hearts. To provide adequate oxygen delivery, the arterial Po 2 had to be maintained above 400 mm Hg. The preparation had control coronary flow rates much greater than physiological values, indicating that the high arterial Po 2 had no vasoconstrictor effect. Despite these unphysiological factors, the response of the saline-perfused heart to decreased oxygen delivery and to mild respiratory acidosis was vasodilation, which is qualitatively the same as would have occurred in situ, 23 " 25 even though quantitatively much less. It has been suggested that the coronary vessels are largely independent of central neurohormonal control, 26 and the response of the precapillary sphincters to changes in Po 2 are not affected by a-or /3-adrenergic blockade. 27 Therefore it appears that the local mechanisms responsible for in vivo control of coronary circulation remain functional in isolated, hemoglobin-free perfused hearts. In situ, it has been demonstrated that myocardial Po 2 is very low, averaging 5-10 mm Hg, 28 presumably because of the high myocardial respiration rate. Raising the arterial Po 2 from 100 to 340 mm Hg in a blood-perfused heart decreased the frequency of tissue Po 2 values less than 5 mm Hg from 24% to 8%, but the majority of the tissue remained at a Po 2 of less than 70 mm Hg. 29 Clearly, in a saline-perfused working heart, the oxygen gradients will be steeper than in vivo because of the low solubility of oxygen in water. However, myoglobin can serve as a powerful buffering agent for intracellular oxygen tension, 6 and myocardial Po 2 will be determined largely by the degree of myoglobin saturation. Thus, tissue
Poj! values in the saline-perfused heart may not be dissimilar to hearts in vivo.
Despite the limitations of the isolated, hemoglobin-free perfused heart, there are advantages to this preparation. In situ preparations are limited by the degree of hypoxia which can be tolerated by the animal before circulatory collapse ensues. In the isolated heart, the effects of severe hypoxia can be studied by artificially maintaining the aortic pressure. It was under these extreme conditions that the heterogeneous pattern of anoxic zones appeared.
The role of hypoxia in the regulation of coronary flow has been well documented. The decrease in vascular resistance during hypoxia has been shown to be less sensitive to arterial PO;. than to arterial oxygen content 23 and venous PO2, 24 which are more closely correlated with tissue Po 2 . Hypoxia also increased the number of open capillaries per unit area of tissue. 9 Thus the intercapillary distance was decreased from 17 /un when the arterial P02 was 100 mm Hg to 11 /i.m during anoxia-by relaxation of all precapillary sphincters. 9 While the precapillary sphincters were sensitive to arterial Po 2 , tissue Po 2 appeared to be the regulated quantity. 30 It has been suggested that vascular resistance is primarily determined by the arterioles rather than the precapillary sphincters, 31 -32 but the diameter of terminal arterioles was also more responsive to tissue Po 2 than to perivascular Po 2 . 33 To the extent that perivascular Po 2 contributes to vascular resistance changes, the results from saline-perfused hearts will be influenced by unphysiologically high arterial POj values. However, since tissue Po 2 appears to be a more important determinant of vasomotor tone and since tissue Po 2 will be less affected than perivascular Po 2 by high arterial Po2 due to the buffering capacity of myoglobin, control of the coronary circulation in saline-perfused hearts may be very similar to that in vivo.
The importance of autoregulation in response to high flow hypoxia is demonstrated by the present results. When the arterial oxygen content was lowered to about 55% of the control level, oxygen delivery would have been inadequate if the coronary flow had not increased. However, once the arterial oxygen content became less than 40% of its control value, no further decrease in vascular resistance was possible and anoxic zones appeared. These results indicate that, in saline-perfused hearts, autoregulation can result in optimal distribution of the available oxygen during moderate hypoxia. However, once oxygen delivery decreases beyond a critical level and the coronary vascular resistance is at a minimum, further decreases in arterial oxygen content will result in inadequate oxygen delivery. The results also indicate that during hypoxia the decrease in coronary vascular resistance was nearly maximal before oxygen consumption was significantly decreased. Thus a shift from aerobic to anaerobic metabolism does not appear to be a prerequisite for autoregulation. Furthermore, there was no significant increase in coronary flow after the anoxic zones became prominent. Thus, adenosine would not be expected to be the prime determinant of the coronary vascular resistance under these circumstances, since adenosine production is proportional to the amount of anoxic tissue. 34 The appearance of macroscopic anoxic areas suggest VOL. 41, NO. 5, NOVEMBER 1977 that, in severe hypoxia, coronary perfusion is not uniform. The anoxic zones are much larger than the intercapiliary distance, even if the arterial Po 2 of 290-360 mm Hg resulted in an increase in the intercapillary distance to its maximum value of 18.5 jam. 9 If coronary perfusion had been uniform and anoxic zones developed only in tissue at the greatest distance from a capillary, then the size of the anoxic zones would have been too small to be resolved by this technique. As oxygen delivery was further reduced, the tissue would have appeared homogeneously whiter. The present results suggest that an anoxic zone is probably the capillary bed of an arteriole. With the vasculature maximally dilated, some arterioles will inherently offer more resistance to flow than others, and this will determine the distribution of coronary flow. During the recovery from severe hypoxia, the tissue oxygen tension in the well perfused areas will quickly rise as the perfusate oxygen content is returned to the control level. This will result in increased vascular resistance in these areas, which will tend to redistribute coronary flow into the anoxic areas, allowing them to resume aerobic metabolism. In contrast to high flow hypoxia where anoxic zones develop after virtually all of the available oxygen has been utilized, acidosis-induced ischemia occurs even though oxygen delivery exceeds oxygen consumption. Anoxic zones begin to appear below pH 6.8, concomitant with the increase in coronary vascular resistance. This suggests that the anoxic areas result from complete constriction of some arterioles and that the coronary flow at a constant perfusion pressure is limited by the number of unconstricted arterioles. Thus, some portions of the myocardium will remain well perfused while others are essentially unperfused. The results indicate that the pattern of the anoxic zones remains unchanged with time at a constant perfusate pH. It might have been expected that the decline in tissue oxygen tension in the unperfused areas would reverse vasoconstriction, but the increased vascular resistance occurred under anaerobic as well as aerobic conditions at this pH. Also, it would be expected that the tissue pH would be lower in the unperfused areas, since removal of metabolic endproducts would be impaired, and this would tend to maintain the local vasoconstriction. Recovery occurred when the perfusate pH was returned to its control value, suggesting that the arterioles are sensitive to the pH in the adjacent well perfused areas. Acidosis-induced ischemia also occurred during perfusion with red blood cells (unpublished data from this laboratory).
In low flow hypoxia (ischemia), the pattern of the anoxic zones was similar to that in high flow hypoxia in the same heart. This implies that the inherent properties of the arterioles determine which regions of the myocardium are most susceptible to ischemia. However, in contrast to high flow hypoxia, the effluent oxygen tension was reduced by only about one-third at the same time as the anoxic regions were becoming prominent. Ischemic failure was made progressively more severe by increasing the pacing rate. It has been shown in the dog that increasing the heart rate also increases myocardial oxygen consumption, 35 indicating that cardiac work is increased. 36 The resultant stimulation of metabolic pathways to enhance energy production 37 will simultaneously increase acid production. Since accumulation of acid is a characteristic of ischemia, as evidenced by the fall in effluent pH when the coronary flow was reduced, tissue pH as well as oxygen tension should be influenced by the pacing rate. The effluent pH was not affected by increments in heart rate, but this does not rule out the possibility of local areas of acidosis. Since the anoxic areas occur in the regions that are most poorly perfused, it may be that decreased removal of acid from these areas results in a tissue pH that is low enough to induce constriction of local arterioles. This would explain why autoregulation in response to hypoxia did not prevent the development of anoxic zones.
The results from ischemia, in which progressive failure was produced by increasing the pacing rate, are similar to those obtained previously when the coronary flow was more severely restricted so that failure ensued spontaneously. 16 This suggests that it is the imbalance between metabolic demands and coronary perfusion that results in the development of ischemia. Since oxygen consumption and acid production are inexorably linked under aerobic conditions, inadequate coronary perfusion will simultaneously limit oxygen availability and permit acid to accumulate. 1 " 2 However, in regions where oxygen is no longer available, anerobic acid production will continue. It appears that in poorly perfused areas where oxygen delivery is inadequate, acid accumulation may cause constriction of arterioles to decrease further perfusion of these areas but simultaneously to augment perfusion of adjacent tissue. This may be viewed as a protective mechanism since it allows some of the tissue to remain functional while sacrificing tissue that is already compromised. Tissue Pco 2 was measured in ischemic areas of dog heart in situ to be 164 mm Hg 38 and 287 mm Hg, 39 indicating a pH of 6.7-6.8 or less. This suggests that this mechanism could be important in vivo.
In addition to suggesting a possible mechanism for the development of ischemia, the significance of the data in this paper is, first, that it supports the concept that myocardial oxygen gradients are very steep, as postulated by Chance. 10 The border between anoxic and normoxic tissue appears to be very sharp. Second, it demonstrates that tissue hypoxia and ischemia are not homogeneous processes. Oxygen consumption is diminished because of the development of anoxic zones, not because oxygen availability uniformly limits NADH oxidation. In both hypoxia and ischemia, there appear to be two distinct populations of mitochondria, aerobic and anerobic, with no gradations in between. Third, it shows that in saline-perfused hearts, the anoxic zones are significantly larger than the intercapillary spaces, indicating that control of oxygen delivery is shifted from the precapillary sphincters to the arterioles when oxygen supply becomes inadequate to maintain tissue oxygenation. Fourth, it reveals that anoxic areas can develop during severe respiratory acidosis.
The results clearly indicate that hypoxia is heterogeneous in the saline-perfused rat heart. Since local control mechanisms appear to be functional in the isolated heart, it seems reasonable to postulate that heterogeneous hypoxia may also occur in situ when oxygen demand exceeds oxygen supply. Further experiments are underway to examine the nature of hypoxia in blood-perfused rat heart.
